The fertilization potential of newly erupted and well-preserved ash from the 2000 Hekla eruption in Iceland was measured for the first time by flow-through experiments. As previously shown, (1) the North Atlantic Ocean, including the subarctic seas surrounding Iceland, is the largest net sink of the world's oceans for atmospheric CO 2 , owing to biological drawdown during summer; (2) almost complete consumption of phosphate in chlorophyll-rich areas of the North Atlantic Ocean might limit primary production; and (3) in the southern Pacific Ocean and parts of the equatorial Pacific Ocean iron might limit primary production. We found through laboratory experiments that volcanic ash exposed to seawater initially releases large amounts of adsorbed phosphate, 1.7 mol·g ؊1 ·h
INTRODUCTION
Since the beginning of atmospheric CO 2 monitoring in Hawaii in the 1950s (Keeling and Whorf, 1999) , the concentration of CO 2 has continuously increased, with two exceptions. The CO 2 maximum annual concentration was nearly constant for three consecutive years in 1963-1965 and then again in 1991-1993 , coinciding with the two largest volcanic aerosol impacts of this century, Agung, Bali, and Pinatubo, Philippines (McGormick et al., 1995) . Because volcanic emission of CO 2 was enormous during these events, there must have been an effect on the global carbon cycle leading to enhanced transient fixation of atmospheric CO 2 . Sarmiento (1993) suggested fertilization of the surface layers of the ocean following the 1991 Pinatubo eruption, resulting in massive plankton growth as a possible cause for the transient enhanced fixation of atmospheric CO 2 .
The aim of this study was to examine the significance of the release of nutrients from volcanic ash immediately after its deposition into oceanic surface water. The motivation for the study was to ascertain whether episodes of volcanism could sequester atmospheric CO 2 due to ash fertilization. In this study we used *E-mail: Paul@norvol.hi.is.
volcanic ash from Iceland because we were able to collect it with its adsorbed aerosols during the 2000 Hekla eruption and because it is relevant to the North Atlantic oceanographic system.
The Atlantic Ocean accounts for 39% of the atmospheric CO 2 consumption by the world's oceans. The large CO 2 sink of the northern oceanic system is mainly caused by the intense biological drawdown of CO 2 in the highlatitude areas of the North Atlantic and the adjacent subarctic seas (Takahashi et al., 1999) . Iceland is a large volcanic region located on the Greenland-Scotland Ridge in the North Atlantic Ocean, and has 31 active volcanic systems and one eruption every fifth year (Tórarinsson, 1981) .
Mount Hekla in southern Iceland erupted on February 26, 2000. An ash plume ϳ10 km high formed within a few minutes at the beginning of the eruption, and ash was carried by winds over northern Iceland and out over the sea. Falling ash was sampled 5 h after the onset of the eruption, 11 km north-northwest of the summit of the volcano. The ash was stored frozen and finally freeze-dried to make sure that soluble salts adhering to the surface of the particles did not dissolve.
In an ash plume, volcanic aerosols consisting of acids and water-soluble metal salts adsorb to the surface of volcanic ash and form deliquescent metal salt encrustations and, to a lesser extent, crystalline salts (Oskarsson, 1980 (Oskarsson, , 1981 . The metal salts are commonly fluorides, chlorides, and sulfates, and thus acid magmatic gases such as HF, HCl, and SO 2 are major anion donors of highly water-soluble compounds adhering to the ash particles (Naughton et al., 1974; Oskarsson, 1981; Thordarson and Self, 1996) .
When the ash comes in contact with the surface layer of the ocean, adsorbed salts will dissolve much faster than the volcanic glass (Gislason and Eugster, 1987; Alkattan et al., 1997) , and may release nutrients and trace metals that will stimulate biological growth.
To mimic the reaction with seawater when volcanic ash hits the ocean surface and passes through the photic zone, the ash in this study was placed as a stationary bed in a plug flowthrough reactor.
METHODS
Ash from the 2000 Hekla eruption was sampled 5 h after the onset of the eruption on February 26. The samples were collected in polyethylene bags that were washed with an ash and snow mixture at the sampling site prior to the collection of the actual samples. The collected samples were kept deep frozen until they were freeze-dried. Bulk samples were dry sieved to a particle size of 44-74 m by using nylon sieves. Then the material was analyzed by X-ray fluorescence (XRF) for the bulk chemical composition.
The dissolution of the ash material was studied in plug flow-through reactors made of Teflon with an inner diameter of 0.8 cm and a length of 14 cm. The experiments were conducted in deionized water and artificial and natural seawater. The seawater used in the experiment was collected south of Iceland and filtered through a 0.2 m cellulose acetate membrane filter and stored in the dark. Before the experiment, the natural seawater was radiated for 2 h with ultraviolet light and filtered again through a 0.2 m cellulose acetate membrane filter. The pH of the seawater after this treatment was 7.8 at 23 ЊC. The artificial seawater was prepared from 312.5 g NaCl and 100.0 g MgSO 4 dissolved in 10 L of deionized water. Blank runs for each solution were run before placing the ash in the reactors. The filter used in the experimental setup was a 0.2 m cellulose acetate membrane filter. The temperature was kept constant at 25 ЊC Ϯ 0.5 ЊC with a thermostatic water bath. At the beginning of each experiment, 5 g of the ash (particle size 44-74 m) were placed as a stationary bed in a single pass plug flow-through reactor.
When the ash comes in contact with the ocean and starts to sink through the water column, there will be local and transient low pH water in contact with the ash particles. This low pH water will eventually mix with the bulk seawater. The diffusion gradient for protons, metals, and anions is thus from the surface of the ash grains to the bulk seawater. To mimic this process, seawater was pumped continuously through the reactor to the sampling bottle. The duration of the experiments was one month. The flow rate was 55 mL h Ϫ1 during the first 8 h and was then reduced to 4.5 mL h Ϫ1 . At a flow rate of 55 mL h Ϫ1 it took ϳ5 min for the reacting fluid to pass through the column. A sample of ϳ40 mL was needed for chemical analysis of 32 dissolved constituents. The first sample is thus the average of 45 min reaction, but the actual contact time between water and rock was only ϳ5 min. Experimental fluids were in acidcleaned polyethylene bottles and acidified by Suprapure HNO 3 . The fluids were analyzed for major and trace elements with inductively coupled plasma-atomic-emission spectroscopy (ICP-AES), ICP-scintillation mass spectroscopy (SMS), and atomic fluorescent spectroscopy (AFS). Samples for anions and nutrients were stored deep frozen in clean polyethylene bottles until analyzed with ion chromatography and spectrophotometry.
RESULTS
The ash from the 2000 Hekla eruption was a basaltic-andesite in composition. The dissolution results for selected elements are shown in Figure 1 (A-H) , and the experimental pH is shown in Figure 2 . The initial dissolution of ash in deionized water and artificial and natural seawater shows that most aerosols adsorbed to glassy particles dissolve within 1 h, as seen in the high concentrations of both major and trace elements. Significant release of acids from the ash was also measured with the initial release of major and trace elements. Dissolution in deionized water showed that major anions released in the experiments were fluorine, chlorine, and sulfate. An initial pH as low as 2.8 at 23 ЊC was measured in both artificial and natural seawater (Fig. 2) . The pH of the seawater before waterrock interaction was 7.8. Substitution of artificial seawater for natural seawater did not affect the initial release of most elements. In contrast to the results for artificial seawater, pH increased from 2.8 to 5.5 after initial (45 min) dissolution in seawater owing to its buffering capacity (alkalinity ϭ 2.3 meq/L). In artificial seawater, pH increased gradually but remained lower than pH 5 during the first 8 h of the experiment (Fig. 2) . The dissolution rate slowed more rapidly in the natural seawater with time. Phosphate release in artificial seawater decreased gradually with time from the initial 2.5 mol·g Ϫ1 ·h Ϫ1 , but in seawater the rate fell from 1.7 mol·g Ϫ1 ·h Ϫ1 to 0.1 mol·g Ϫ1 ·h Ϫ1 (Fig. 1A) . During the initial 6 h of the experiments in artificial and natural seawater, silica release rates (Fig. 1B) fell from 50.3 and 49.5 mol·g Ϫ1 ·h Ϫ1 , respectively, to 7.4 and 2.0 mol·g Ϫ1 ·h Ϫ1 , and then decreased further to 0.1 and 1.6 mol·g Ϫ1 ·h Ϫ1 , respectively. From this time onward to 8 h, silica release rates were steady. The release of most nutrients (Fig. 1 , A-H) with time followed a pattern similar to that of silica. The iron release in natural seawater fell from the initial 37.0 mol·g Ϫ1 ·h Ϫ1 to 0.1 mol·g Ϫ1 ·h Ϫ1 within 1 h and then decreased further to 0.2 nmol·g Ϫ1 ·h Ϫ1 after 8 h. The initial and high concentrations of nutrients are not due to contamination because: (1) blank runs were carried out; (2) ash samples in snow melted in the laboratory in acid-washed bags gave us similar high results; and (3) the first snow melt that ran into rivers in the vicinity of Mount Hekla gave us similar results.
DISCUSSION
The results of this study show that when newly erupted volcanic ash comes in contact with the surface of the ocean, the acid salts that are adsorbed to the volcanic glass dissolve instantaneously and both macronutrients and trace metals are released to become available for primary production. The main anions of the reactant solution using deionized water were always fluorine and to a lesser extent chlorine and sulfate. The analytical results of the experimental solution were run with the PHREEQC speciation code (Appelo et al., 1999) , and the charge balances between cations and anions in the run were within 10%. This showed that the dissolving phases were metals and proton salts, primarily fluorides, and confirms the finding that acid magmatic gas such as HF, HCl, and SO 2 are anion donors of compounds adhering to glass particles (Naughton et al., 1974; Oskarsson, 1981) . Deliquescent metal salts most likely contain the major part of the metals and acids released in the experiments, but some acid may originate from trapped acids within crystalline salts (Oskarsson, 1981) . The release of acid thus follows the release of metals and anions in contact with seawater.
In parts of the equatorial Pacific Ocean and in the southern Pacific Ocean, iron controls phytoplankton production (Martin et al., 1994; Boyd et al., 2000) . Open-ocean iron concentrations in surface water are commonly at picomolar concentrations (10 Ϫ12 M), which might be insufficient to support a high algal biomass (Martin et al., 1994) . Iron-seeding experiments in the equatorial and southern Pacific Ocean have shown that nanomolar concentrations of iron triggered phytoplankton blooms (Martin et al., 1994; Boyd et al., 2000) . Thus, iron input to the ocean by volcanic ash may also support a high algal biomass. Dissolution experiments of ash in seawater (Fig. 1, A-H) show that initial iron release is 37 mol·g Phosphate concentrations Ͻ1.0 nM are sufficiently low to result in phosphorus control of primary production (Wu et al., 2000) . Thus, given a reduction to near zero values of phosphate concentrations in chlorophyll-rich areas of the North Atlantic, it is very likely that phosphate limits primary production (Takahashi et al., 1993 ). The present study shows (Fig. 1, A-H ) that 0.8 g of volcanic ash must react with 1 dm 3 of seawater for Ͻ1 h to reach the highest winter concentrations, 0.6-1.1 M, of phosphate in the North Atlantic Ocean (Takahashi et al., 1993) .
In our experiments, all bioactive trace metals were released in concentrations above the minimum needed for plankton production (10 Ϫ9 -10 Ϫ12 M), assuming 1 g of ash reacting with 1 dm 3 of seawater for Ͻ1 h. However, among the bioactive metals, Fe and Mn especially were released in high concentrations. Phosphate was initially released in concentrations high enough to have a significant fertilizing effect in the North Atlantic. However, the fertilization effect of iron released from the Mount Hekla ash was at least 3-4 orders of magnitude larger than that of phosphate with regard to incorporation of nutrients in Redfield ratios for phytoplankton (Bruland et al., 1991; De Baar and Boyd, 2000) . This requirement implies that the Hekla ash would have a Ͼ1000 times larger impact if iron was to limit primary production in the North Atlantic as in areas of the Pacific.
In situ iron seeding experiments in the equatorial Pacific Ocean confirm a rapid biological response to iron fertilization (within 24 h; Martin et al., 1994) . In this study we show that the initial dissolution of volcanic ash in seawater is an external nutrient source for primary production in ocean surface waters. Because of (1) the short response time found earlier in open ocean iron seeding experiment and (2) the high initial release of elements from the ash from Mount Hekla, this study shows that volcanic ash supplies nutrients to ocean surface waters that might stimulate biological growth and drawdown of CO 2 .
In 1991, Mount Pinatubo caused what is believed to be the largest aerosol eruption of this century, and ash from the eruption was distributed over wide areas of the ocean. Pinatubo ejected ഠ3-5 km 3 of tephra and pyroclastics with an iron content of ഠ5 wt%. The total iron content was about 500 ϫ 10 6 t (Sarmiento, 1993). Removal of 2.5 Pg of carbon from the atmosphere would require about 0.1 ϫ 10 6 t of iron (Sarmiento, 1993) . Sarmiento (1993) showed that Ͻ0.1% of total iron available in the bulk Pinatubo ash would have to be released to organisms in areas of excess surface macronutrients to provide the requisite amount. The Hekla ash contains about 8.5 wt% of iron and this study has shown that ഠ2.4% of the total iron in the Mount Hekla ash dissolved at the initial contact during ashwater interaction. This study thus shows that the 1991 Pinatubo eruption would have released ഠ40 times more iron than required to remove 2.5 Pg of carbon if iron was released at the same rate as found for the Mount Hekla ash. Consequently, large eruptions like the Pinatubo one close to the equatorial Pacific may have affected the atmospheric CO 2 through iron fertilization of the ocean.
It is also suggested, on the basis of this study, that earlier observed marked increases of planktonic specimens interlayered by tephra in ocean sediments (Eiríksson et al., 2000) may be related to fertilization events associated with large volcanic eruptions.
CONCLUSIONS
This study shows that the initial dissolution of volcanic ash in seawater provides an external nutrient source for primary production in ocean surface waters that may stimulate biological drawdown of CO 2 . We found through laboratory experiments that volcanic ash dissolved in seawater initially releases high amounts of phosphate, iron, silica, and man-ganese. A high release of acids followed the initial release of major and trace elements. Because of the instantaneous dissolution of ashborne aerosols when newly erupted volcanic ash comes in contact with the ocean surface water, macronutrients and bioactive trace metals are released fast enough to become available to support primary production.
